AND CONCLUSIONS 1. Inferior temporal cortex (IT) is a "high-order" region of primate temporal visual cortex implicated in visual pattern perception and recognition. To gain some insight into the development of this area, we compared the properties of single neurons in IT in infant monkeys ranging from 5 wk to 7 mo of age with those of neurons in IT in adult animals. Both anesthetized and awake behaving paradigms were used.
1. Inferior temporal cortex (IT) is a "high-order" region of primate temporal visual cortex implicated in visual pattern perception and recognition. To gain some insight into the development of this area, we compared the properties of single neurons in IT in infant monkeys ranging from 5 wk to 7 mo of age with those of neurons in IT in adult animals. Both anesthetized and awake behaving paradigms were used.
2. In immobilized infant monkeys under nitrous oxide anesthesia, the incidence of visually responsive cells was markedly less than in adult monkeys studied under similar conditions. In infants 4-7 mo of age, only half of IT neurons studied were visually responsive, compared with >80% in adult monkeys. In monkeys <4 mo old, even fewer ( < 10%) could be visually driven. "Habituation" of IT cells to repeated stimulus presentation appeared more pronounced in infant monkeys under nitrous oxide anesthesia than in adult animals.
3. IT cells in the anesthetized infant monkeys that did respond showed receptive field properties similar to those of responsive adult IT neurons studied under similar conditions. Two thirds of the receptive fields plotted in the anesthetized 4 to 7-mo-old group were bilateral, and median field size did not differ between the infants and comparable adult groups, being -20" on a side in each case.
4. In contrast to the results obtained under anesthesia, most IT cells in alert infant monkeys 5 wk-7 mo of age (80%) were responsive to visual stimuli, and this incidence of visually responsive IT neurons did not differ from that obtained in awake adult macaques. However, response magnitude, measured as spikes per second above baseline rate, was significantly lower in the infant alert sample than in the adult control (5.2 vs. 12.6 spikes/s, mean * SE, deviation from spontaneous rate, respectively).
5. In addition to having lower magnitudes of visual response, IT cells in the awake infants also tended to have longer and more variable latencies. The overall mean for the infant cells was 196 ms, compared with an overall mean of 140 ms for IT neurons in the alert control adult.
6. Although the magnitude of response of neurons in alert infant IT cortex was lower overall, the incidence and features of stimulus selectivity shown by alert infant IT neurons were strikingly similar to those of IT cells of both anesthetized and unanesthetized adult monkeys. Within the 2nd mo of life (i.e., as early as we could test), individual IT neurons exhibited responses selective for shape (boundary curvature), for faces, for arbitrary geometrical patterns, and for color. Several measures of form selectivity for the alert infant and adult samples indicated that the overall degree of stimulus selectivity did not differ between the groups.
7. For both anesthetized and alert infant groups, rates of spontaneous activity in IT cortex were lower than those seen under comparable conditions in adult monkeys. The low spontaneous rates in infant temporal cortex in both anesthetized and awake behaving paradigms suggest that the low response magnitudes in infant IT reflect general characteristics of cellular function in high-order cortical areas of infant monkeys.
8. We also recorded from neurons in the superior temporal polysensory area (STP), another high-order region of temporal cortex, which appears to be involved in analysis of complex visual motion and in orientation functions. The appearance of visual responses in STP paralleled that seen in IT cortex. In the anesthetized infants, responses were virtually absent in STP before 4 mo of age, but had adultlike properties when they first appeared in slightly older animals. All visually responsive STP cells studied in 4 to 7-mo-old infants had bilateral visual receptive fields, and about half were multimodal.
Virtually all STP cells studied in alert infant and adult animals were visually responsive.
9. As a control for the paucity of visually responsive neurons in IT and STP of the youngest infant monkeys under nitrous oxide anesthesia, we also recorded from striate cortex and extrastriate visual area MT in several sessions. Eighty-five percent of cells in these areas were responsive, arguing against a general suppression of cortical function. Cells in MT were selective for direction of stimulus motion, and cells in striate cortex were selective for orientation of a bar of light.
IO. The delayed contribution of IT cortex to visual behavior in monkeys and the slow development of adult capacity are not due to a nonspecificity of neuronal responses in IT cortex in infancy. Rather, these phenomena may reflect the weakness of signals deriving from IT within the first half year of life and possibly beyond. More generally, the development of adultlike levels of neuronal excitability appears to be more protracted in high-order temporal areas subserving complex functions than in cortical areas earlier in the monkey visual pathway.
INTRODUCTION
Inferior temporal cortex (IT) of the monkey, lying on the lower bank of the superior temporal sulcus and on the inferior temporal convexity, has long been known to play an important role in higher visual function. Damage to IT produces severe, long-lasting deficits in visual pattern discrimination and recognition performance in the absence of simple acuity changes or general multimodal deficits (reviewed in Gross 1973 and Mishkin 1982 . Physiological studies also suggest that neural activity in this area plays an important part in form perception and recognition. Cells in IT have large, bilateral receptive fields that emphasize the fovea and that are not organized into a visuotopic map (e.g., Desimone et al. 1984; Gross et al. 1972; Tanaka et al. 199 1) . IT neurons often have responses selective for aspects of shape of a stimulus or for its color, and some cells in IT respond selectively to faces (reviewed in Perrett et al. 1992) . IT is a "high-order" visual cortical area; that is, it receives visual inputs from striate cortex over routes involving at least two additional intervening stages in extrastriate visual cortex. These routes involve projections from striate cortex to V2, from V2 to V4, and from V4 FIG. 1. Anterior-posterior extent of recording area, shown on lateral view of macaque brain. ar, arcuate sulcus; ce, central sulcus; io, inferior occipital sulcus; ip, intraparietal sulcus; la, lateral sulcus; lu, lunate sulcus; pmt, posterior medial temporal sulcus; pr, principal sulcus; st, superior temporal sulcus.
to IT both directly and by way of visual cortical area TEO (Desimone and Ungerleider 1989; Desimone et al. 1980; Gross and Rodman 1992) .
Although much experimental effort has been devoted to study of the complex and often highly specific properties of cells in IT of adult monkeys, we have little knowledge of how such properties arise as a function of development, experience, or both. The extensive literature on the development of visual form perception and recognition in primates indicates, on the one hand, that many of the functions subserved by this tissue are present early in life. For example, simple forms of visual pattern discrimination ability are present in macaques as young as 2 wk old Fantz 1965; Zimmermann and Torrey 1965) , and the human literature suggests that preference for certain static visual forms such as faces or moving contours characteristic of living shapes is present in even younger babies (e.g., Goren et al. 1975; Maurer and Young 1982; Meltzoff and Moore 1977) . These findings indicate that the neural underpinnings of complex visual abilities may be relatively Desimone and Gross 1979 ) . STP, in contrast to IT, appears to be involved in the analysis of complex visual motion and in orientation functions (Bruce et al. 198 1; Gross 199 1; Skelly et al. 1989 ) . Cells in STP have extremely large receptive fields, are often sensitive to aspects of stimulus motion, and frequently respond to auditory and somatosensory stimuli as well as to visual stimuli (Bruce et al. 198 1; Perrett et al. 1989) . Like IT, STP is many synaptic stages removed from primary visual cortex. STP receives projections from visual cortical areas MST and FST, which in turn receive input from visual cortical area MT; STP also receives input from IT (Bruce et al. 198 1; Felleman and Van Essen 199 1; Gross 199 1) . Even less is known about its development than is known for IT.
The objective of the present study was to assess the physiological properties of cells in these two regions of high-order extrastriate visual cortex, namely IT and STP, in infant macaque monkeys. We found neurons with properties characteristic of adult cortex at the youngest ages tested ( -6 wk). However, quantitative comparisons with cells studied in an alert adult animal indicated that responses in IT are significantly weaker and of longer latency even in alert infant monkeys. A brief account of some of these results has appeared previously (Rodman et al. 199 1) .
MATERIALS AND METHODS

Subjects
Seventeen infant macaque monkeys ( 16 Macaca fascicularis and 1 M. mulatta) obtained from outside sources and reared in our laboratory were used in these experiments. Eight were obtained from the California Regional Primate Research Center, six from the New England Regional Primate Research Center, and one from the Laboratory of Neuropsychology at NIMH. The remaining two animals were generously donated by Drs. P. Lennie of the University of Rochester and J. Southers of NIH. The infant monkeys were housed in a specially designed room kept at 7% 82"F, with cagemates of similar age whenever possible. Cages were arranged to provide maximal visual interaction between animals. Stuffed baby toys and soft towels were placed in the cage for tactile comfort, and the infants were handled extensively by caretakers. The monkeys were bottle-fed by hand (Enfamil baby formula) mature early in life. On the other hand, there are a number of reasons to suspect that the contribution of IT to visual behavior may be a delayed one, mirrored in a protracted period of development of basic response properties of its < 4 months neurons. For example, inferior temporal lesions that have devastating effects in adulthood have relatively minor ef-4-7 months fects when made in infancy (Bachevalier et al. 1990; Raisler and Harlow 1965 ) , and visual recognition ability itself develops to an adult level only slowly, over the 1 st yr or more of life in macaques (Boothe and Sackett 1975; Harlow et al. 1960) and an even longer period in humans. Finally, the issue is complicated by our almost total ignorance of the physiological development of neurons within even the "lower-order" regions of the extrastriate cortex in primates. the superior temporal sulcus lies another predominantly in inferior temporal cortex (IT) and superior temporal polysensory area visual region with complex response properties, the supe-(STP) in anesthetized infant and adult macaques. Adult data: a, present sample; b, from Gross et al. ( 1972) ; c, from Desimone et al. ( 1984) until they could feed themselves from a bottle mounted on the cage. As they grew older, the formula was supplemented by fruit and a mixture of formula and soaked, mashed primate biscuits to which fruit-flavored baby food or applesauce was added for palatability. In addition, three adult male hf. jkscicularis were used for control recordings, two with the anesthetized paradigm and one with the awake behaving paradigm. Procedures for both infant and adult monkeys were performed in accordance with guidelines set out by the National Institutes of Health and the Society for Neuroscience. All procedures derived from protocols approved by the Princeton University Institutional Animal Care and Use Committee and were developed and carried out in coordination with Princeton University consulting veterinarian Dr. N. Guilloud.
Surgical methods
Details of our procedures for surgery and recording in anesthetized infant monkeys, maintenance of anesthetic level, hydration, and temperature during these procedures, and recovery of the animals from surgery and recording sessions have been described in a separate publication ( Rodman 199 1) . Methods for alert recording in the infant monkeys, including behavioral training on the fixation task, are also described in detail in this publication.
Accordingly, these procedures will be described only briefly here.
IMPLANTS
FOR ANESTHETIZED RECORDING.
At least 1 wk before the first anesthetized recording session, aseptic surgery was performed to affix a stainless steel or nylon recording chamber (2 cm diam) and a stereotaxically positioned headbolt to the skull using skull screws and dental acrylic. In several animals, a very small ( 1 cm diam) recording well was also placed over striate cortex of the same hemisphere. For all surgical procedures, the infant monkeys were pretreated with atropine (0.08 mg/kg), anesthetized with a combination of ketamine (Ketaset, 25 mg/kg) and acepromazine (PromAce, 0.25 mg/ kg), and given subcutaneous fluids (5% dextrose-lactated Ringer solution) to maintain hydration. Temperature, heart rate, and electrocardiogram (EKG) waveform were continuously monitored, and breath rate was checked frequently. Lidocaine (Xylocaine, 2%) was applied to skin incisions and pressure points. After the termination of surgery, the animal was observed until alert enough to take fluids by mouth. A small amount of children's aspirin was also given on recovery. Normal feedings resumed -6 h later.
FOR ALERT RECORDING.
For the alert experiments, we implanted an eye coil in one eye immediately before affixing the chamber and headbolt to the skull. For this procedure, the ketamine-acepromazine anesthesia was supplemented with a few drops of ophthalmic local anesthetic [ proparacaine hydrochloride (Ophthaine, 1%)] applied directly to the eye, and a small amount was also injected into the upper eyelid. The eye coils were fabricated out of insulated wire (Cooner Wire) and sized to fit slightly loosely onto the globe within a pocket cleared between the conjunctiva and sclera.
Anesthetized recording methods
On the morning of a recording session, the animal was pretreated with atropine, given a restraining dose of the ketamineacepromazine mixture, intubated with a tracheal tube, and then anesthetized with a 7:3 mixture of N,O-0, to which 2% halothane was added. The monkey was then secured in a stereotaxic frame by means of the headbolt. To prevent eye movements, the monkey was immobilized with an intravenous or intramuscular infusion of pancuronium bromide (Pavulon, 0.03 mg l kg-' l hr-' ) in saline or 5% dextrose-lactated Ringer solution and subsequently artificially ventilated with a small-animal respiration pump. Fluids were also given subcutaneously as in surgery. Temperature, heart rate, and EKG waveform were continuously monitored, and the respiratory rate and volume were adjusted to produce an endtidal CO2 level of -4% using a capnograph (Godart). In preparation for visual stimulation, the eyelids were retracted, the pupils dilated with cyclopentolate (Cyclogyl) and hydroxyamphetamine hydrobromide (Paredrine), and the corneas covered with contact lenses selected by retinoscopy to focus the eyes on a rear-projection tangent screen 57 cm away from the animal. Finally, the locations of the foveas and the optic disks were projected onto the tangent screen with an ophthalmoscope and corner-cube prism. In the first recording session, before immobilizing the animal, the cap of the recording well was removed and a small hole was drilled in the exposed bone. A guard tube containing a varnishcoated tungsten microelectrode (Fred Haer) was lowered just below the dura and the electrode was lowered vertically into temporal cortical areas. For control recordings in striate cortex, the electrode alone was lowered instead through the dura overlying striate or directly into cortex after slitting and retraction of the dura and placement of agar on the exposed brain or dural surface. After these initial procedures, the halothane was discontinued and the animal subsequently maintained on N,O and O2 and immobilized and maintained as described above; no surgical procedures or painful procedures were performed after discontinuation of halothane. Extracellular potentials were recorded from single units and clusters of cells and were amplified and displayed on an oscilloscope and played through a speaker using conventional methods.
At the end of the recording session (generally after lo-12 h), infusion of the immobilizing agent was discontinued and replaced with infusion of 5% dextrose-lactated Ringer solution alone to help rehydrate the monkey. In most cases, recovery from immobilization was promoted by intravenous administration of prostigmine (0.1 mg/ kg, after pretreatment with 0.05 mg/ kg atropine). After the animal had recovered sufficiently to breathe on its own for 230 min, it was removed from the recording apparatus and observed as for surgical procedures. At least 1 wk separated successive recording sessions in an individual animal.
Alert recording methods
For several days before and after the implantation of eye coil, chamber, and headbolt, the infant monkey was adapted to sitting in a specially designed infant primate chair for several hours daily, where it received fruit juice or infant formula. Next, the monkey was taught to fixate a small spot of light for liquid reward using search coil eye-position monitoring techniques similar to those employed for adult monkeys. For both training and subsequent recording, the monkey was placed in the primate chair in a dark room within magnetic field coils (CNC Engineering) 57 cm in front of a tangent screen, and the headbolt was used to secure the monkey in the apparatus. A PDP-11/73 computer monitored eye position, presented the fixation point and other visual stimuli, collected spike data, and controlled the delivery of reinforcement. The animal was taught by successive approximation to maintain fixation on an 0.3" diam spot of light for 700 ms within an electronic window 2-3' in diameter. Once the animal was trained (3-7 sessions), a small hole was drilled in the bone within the recording well in a separate, brief surgery under anesthesia and aseptic conditions, and recording sessions were begun after several days' recovery. Recordings were made in the same general manner as for the anesthetized sessions, utilizing the same type of electrodes and amplification circuitry. Alert recording sessions were generally made with ~-44 h between successive sessions in the infant monkeys. Food and fluid were withheld overnight before the beginning of each session to provide motivation for the animal to perform the fixation task. Using these procedures, we obtained an average of 4 10 trials in a 2 to 3-h session with animals l-7 mo of age, although performance varied considerably among individual infants (Rodman 199 1).
Visual stimulation
For both the anesthetized and alert recording experiments, three classes of visual stimuli were used. The first class consisted of three-dimensional complex objects, including a standard set of 16 consisting of head models, monkey dolls, large brushes of various colors, and plastic food objects. Additional objects that have been effective at driving cells in IT and adjacent areas in adult monkeys, such as a spotted ball, were also used. The second class consisted of images projected from slides under control of the PDP 11/73 computer, including faces, scrambled faces, lines, control objects, and so-called Fourier Descriptors ("FD stimuli") varying systematically in boundary curvature ( see Schwartz et al. 1983 for discussion of the utility of FD stimuli for studying neural activity related to representing visual shape). The third class of stimuli consisted of two-dimensional images presented by hand, including bars of light generated with a projector fitted with an adjustable aperture, which could be varied in width, length, orientation, and color, and also pictures of the three-dimensional objects, faces, and other images included in the first two classes of stimuli. Finally, when we had completed visual testing of a cell, we also tested for auditory and somatosensory responsiveness. Auditory stimuli included tones, claps, whistles, jangling keys, and human voices. Somatosensory stimuli included both light touch and deep pressure. ANESTHETIZED STUDIES. Once a unit was isolated, we assessed visual responsiveness using the standard set of three-dimensional stimuli as well as the projected stimuli. Next, for responsive neurons, we plotted the receptive field with the smallest stimulus that would reliably drive the cell. Finally, if the cell was responsive to projected images, we used the sets of slides to quantify response magnitude and study stimulus selectivity in more detail. In the infant monkeys, as we also found for adults, responses elicited from IT cells by projected two-dimensional images are nearly always weaker than those produced by their three-dimensional counterparts, even with one eye occluded, and many IT cells that responded to actual objects in the anesthetized infants could not be driven by the corresponding projected stimuli. Because of the tendency of responses in IT to fall off with repeated stimulus presentation under anesthesia (see in both infant and adult monkeys, inter-trial intervals for presentation of both object and projected stimuli were generally 10 s. ALERT STUDIES. In the alert infant monkeys, it was frequently possible, especially in early testing sessions with an individual animal, to draw the animal's attention to three-dimensional objects and pictures presented in the center of the tangent screen without causing the animal to fidget and to obtain a clear assessment of visual responsiveness to these stimuli. However, in later sessions, the infant's tolerance for this procedure decreased as it became familiar with the testing situation and began to anticipate the reward associated with stimulus trials in the fixation task, during which images were presented from the standard sets of slides. Accordingly, we relied predominantly on the automatically presented sets of projected slides as stimuli for the alert experiments. As for the anesthetized experiments, these images subtended 3-6O of visual angle and were presented at the fovea or, in a few cases, at 4O on the horizontal meridian in the contralateral field. For some cells, we estimated the receptive field by presenting an effective stimulus at a number of additional sites in the contralateral and ipsilateral visual field.
Statistics and data analysis
Comparison between overall mean values or distributions for various parameters was made by t test, analysis of variance, or x2 analysis as appropriate. In a number of cases in which the variance of infant and adult distributions differed significantly, or in which one or both distributions departed significantly from normality, the Mann-Whitney U test was used as a nonparametric alternative. Analyses of responses to projected images were based on lo-15 repetitions of each stimulus. Responses to individual stimuli were considered statistically significant if mean firing rate during stimulus presentation differed by t test (P < 0.05) from mean baseline firing rate on the same trials on which the given stimulus was presented.
For the anesthetized paradigm, when stationary projected stimuli were used (e.g., Fig. 7 )) the time interval over which neuronal spike rates were measured was a 1 -s period beginning 100 ms after the onset of the stimulus; the lOO-ms delay was chosen to take into account the minimum response latencies typically seen in IT (see RESULTS).
For moving stimuli (e.g., Fig. 4 ), responses were measured during a time window set to correspond to the width of the neuron's receptive field along its narrowest axis (e.g., Rodman and Albright 1987) . For the alert paradigm, spike rates for stationary stimuli (i.e., Figs. 10 and 11 and data analysis in Figs. 14-16) were measured in a 400-ms response window beginning 100 ms after stimulus onset to allow for response latency, as for the anesthetized data. Baseline spike rates were calculated from a 400-ms window set before the onset of the fixation point and visual stimuli. The use of a shorter time window for analyzing responses in the alert paradigm was necessary because we did not, given the developmental time constraints, attempt to train the infants to consistently fixate for >700 ms, as described above.
Histology
At the conclusion of experimentation, the animals were deeply anesthetized with an overdose of intravenous pentobarbital sodium and perfused through the heart with saline followed by 10% formalin or, in the case of several infants that were also used for anatomic studies at the end of the physiological experiments, by 2% glutaraldehyde with 0.5% formalin followed by several sucrose washes. The brains were then infiltrated with 30% sucrose, blocked stereotaxically, and sectioned in the coronal plane at 50 pm on a freezing microtome. Series of sections through the recording area were stained with cresyl violet or neutral red. In a few cases, additional series of sections were also prepared with the Gallyas myelin stain or cytochrome oxidase. Electrode penetrations and recording sites were reconstructed from the sections with the aid of small electrolytic lesions placed at strategic points along a subset of electrode penetrations during recording.
RESULTS
Overview
The results are based on a total of 384 single units within IT and 80 units within STP in 17 infant macaques ranging from 36 to 2 15 days of age during the recording period. The recording area, shown in Fig. 1 , lay within a region approximately coextensive with cytoarchitectonic area TE. Its anterior-posterior range extended from -2 mm in front of the posterior middle temporal sulcus to -3 mm from the temporal pole. Cells recorded at these levels were considered to lie within IT if they were located on either the lateral convexity of the hemisphere (shaded area in Fig. 1 ) or on the lower bank of the superior temporal sulcus. Cells recorded from the medial two thirds of the upper bank of the superior temporal sulcus at these levels were considered to lie within STP. No recordings were made on the floor of the superior temporal sulcus per se. When single neurons could not be adequately isolated in IT and STP in the youngest infants in the anesthetized paradigm, we assessed the visual responsiveness of clusters of neurons at a number of additional recording sites. We also recorded from a total of 34 cells in striate cortex and area MT for control purposes. In addition to the infant recordings, we studied the visual properties of 119 neurons in IT cortex in three adult monkeys, using the same paradigms and visual stimuli as in the in-fants. Finally, we drew on a sample of 124 neurons previously recorded in adult monkeys in our laboratory, using the anesthetized paradigm and identical recording conditions ( Schwartz et al. 1983 ) for spontaneous activity rates.
Results of anesthetized recording experiments
We began our studies of the physiological development of temporal cortex using the anesthetized, immobilized paradigm, on the basis of several considerations. First, extensive earlier studies in our laboratory had used this paradigm to characterize the response properties of cells in IT (e.g., Desimone et al. 1984; Gross et al. 1972; Schwartz et al. 1983 ) and in STP (Bruce et al. 198 1; Desimone and Gross 1979) of adult monkeys, and we wished to make explicit comparisons with this data. Second, immobilization permits explicit control of eye position, which can make the mapping of receptive fields both more precise and more efficient than in an awake, behaving monkey. Third, we were not initially certain that an infant monkey could be trained to perform a fixation task well enough to permit data collection. Accordingly, we began our studies in anesthetized infants.
We started with monkeys of an intermediate age ( -4-6 mo) and followed these animals in successive sessions as they grew older, until -7 mo of age. This age period was chosen because a number of maturational indexes appear or peak at this time, including delayed match to sample recognition ability (Bachevalier 1990) , cortical synaptic density (Rakic et al. 1986) , and metabolic activity rates in temporal cortex (Bachevalier et al. 199 
1) (see also DISCUS-SION).
Because the 4 to 7-mo-old infants generally withstood the experimental procedure well, we next began to record in very young monkeys, beginning as early as 5 wk of age. Some of these animals were studied longitudinally and followed into their 7th mo. In fact, our results indicated that there was a rather sharp onset of responsiveness under anesthesia at roughly the 4-mo point, as described below. Accordingly, the anesthetized infant studies are described first in terms of recordings made in 4 to 7-mo-old animals and then in terms of recordings made at the younger ages. Recording quality in temporal cortex (ease of isolating and holding single units) varied from infant to infant, but was generally correlated with age. In animals ~4 mo of age, action potentials in IT and STP were very small, infrequently encountered, and difficult to extract from background activity. Moreover, spontaneous activity itself was low and often had a "bursty" quality. Mean spontaneous activity rates for isolated neurons in IT, for example, were only 2.64 (n = 24) and 3.89 (n = 97) spikes/s for monkeys ~4 mo and 4-7 mo of age, respectively. In contrast, IT neurons in anesthetized adult macaques had a mean spontaneous rate of 7.39 spikes/s (n = 124), which differs significantly from the infant samples (F = 18.9, df = 244, P < 0.000 1). In fact, no IT neuron in the younger group of anesthetized infants had a spontaneous rate >7.3 1, and spontaneous activity rate was weakly but significantly correlated with days of age in the infant sample (r = 0.19, P < 0.02). Rates of spontaneous activity in STP were also low in the anesthetized infant monkeys [ 3.25 (n = 12) and 5.67 (n = 23) spikes/s for infants below and >4 mo of age, respectively].
VISUAL RESPONSIVENESS.
Incidence of visual responses. Figure 2 compares the incidence of visually responsive neurons in the anesthetized infant monkeys with that for our control recordings in anesthetized adults and with that obtained in several previous studies of adult IT and STP in our laboratory. Animals ~4 mo old had very few visually responsive neurons in IT (9%) (when single units could even be isolated for study). In the 4 to 7-mo-old group, the incidence of visually responsive neurons was only 47%, compared with an average of -80% in anesthetized adults. In STP, where virtually all neurons are visually responsive in the adult animal, only 19% gave visual responses at ~4 mo, and only -40% between 4 and 7 mo. Assessment of the responsiveness of background activity or multiunit clusters, when single units were difficult to isolate, did not produce a fundamentally different picture. The relatively sharp onset of visual responsiveness in IT and STP at -4 mo of age in the anesthetized paradigm is shown in Fig. 3A , in which unit recordings across all animals have been plotted in 2-wk intervals. Figure 3B presents a "time line" of responsive and unresponsive IT and STP recordings obtained in recording sessions at various times in the developmental window for two individual animals who were studied in a set of sessions spanning the apparent 4-mo transition point. A few visually responsive sites were found before the end of the 4th mo, but they were rare.
As has been shown in adult IT (Gross et al. 1972; Miller et al. 199 la) , cells in infant temporal cortex exhibited a pronounced response decrement with repeated stimulus presentation at short ( < 10 s) intertrial intervals. Although we did not study this property systematically, it appeared to us that this "habituation" was markedly greater in the infant animals compared with the adult controls, especially in the youngest monkeys.
Control recordings. On several occasions on which we failed to find responsive units or responsive multiunit activity in IT or STP, we made control recordings into either striate cortex (23 units) or area MT ( 11 units) to assess whether the absence of driven activity (and isolatable units) in high-order temporal cortex was due to a compromise of the animal's physiological condition. Because time was severely limited, we did not attempt to quantitatively study a large sample of neurons in these areas but rather to obtain an informal assessment of whether neurons were generally spontaneously active, visually driven, and stimulus selective. Units in these areas were indeed easier to isolate and were usually visually responsive ( 29 of 34 tested, 8 5% ) , and were selective for orientation (striate) and direction of motion (MT). Some examples of responses obtained from cells in area MT are shown in Fig. 4 . Although the responses are not as strong as those seen in many MT cells in anesthetized adult monkeys, the cells are clearly selective for direction and show tuning comparable to that in adult MT (Albright 1984; Rodman and Albright 1987) .
As a second type of control for the absence of visual re-contra t ipsi la FIG. 5. Examples of receptive fields recorded in anesthetized infant monkeys in IT and STP at 2 anterior-posterior levels. The area within the dashed box in each coronal half-section is enlarged to show the locations of recording sites within the superior temporal sulcus and inferior temporal gyrus. IT fields are indicated by solid outlines and STP fields by dotted outlines. contra, contralateral; ipsi, ipsilateral; ci, cingulate sulcus; to, occipitotemporal sulcus; rh, rhinal sulcus. Other abbreviations as in Fig. 1. sponsiveness in temporal cortex of very young anesthetized monkeys, we restudied three of the alert recording subjects animals had many responsive neurons in IT when previunder anesthesia when they were 3-3.5 mo old, in one or ously studied while awake (see below), only 1 of a total of two additional sessions per animal. Although each of these 30 IT cells in these animals was responsive under anesthesia, and recording quality was poor. Nonetheless, we found readily isolatable units and visual responses when the animals were subsequently studied again in the awake paradigm.
Movshon and Van Sluyters ( 198 1) have pointed out that cortical neurons in young animals are smaller than neurons in adults, and that this may have important repercussions for the sampling biases of microelectrodes routinely used to gather data from adults when used instead in infants. Indeed, in the anesthetized paradigm, action potentials appeared to be smaller in the infant monkeys, the incidence of spontaneously encountered active units was reduced, and units were more difficult to isolate from background activity. With these phenomena in mind, we tried several alternative types of electrodes, including platinum-iridium in glass and polyamide-coated styles, in addition to our usual varnish-coated tungsten electrodes. All of these produced recording quality inferior to that achieved with the varnishcoated tungsten ones.
RECEPTIVE FIELD SIZE AND LOCATION.
We plotted receptive fields for responsive neurons in both IT and STP in the anesthetized 4-to 7-mo-old group, some examples of which are illustrated in Fig. 5 . As in adult monkeys, IT receptive fields in the anesthetized infants ranged from a few degrees on a side to almost the entire size of the SO0 X 80° tangent screen. Median field size (square root of receptive field area) was about 20° in both the infants and in our adult control recordings, similar to that found in several previous studies of receptive fields in anesthetized adult IT (Fig.   6A ). As in adult monkeys, moreover, about two thirds of the receptive fields we plotted in infant IT extended 23' across the midline into the ipsilateral visual field (Fig. 6 B) . Although there was no evidence for topography, or even a systematic relationship between location within IT and receptive field size, the largest receptive fields in infant IT were found on the most anterior penetrations made. Likewise, although a simple visual topography is lacking in adult IT, Desimone and Gross ( 1979) reported a tendency for large fields to be located more anteriorly, close to the border with STP. In fact, the somewhat larger median field size (3 1") reported in the Desimone and Gross ( 1979) study is probably due to the incorporation in that study of a greater proportion of recording sites in the anterior portion of IT. Responses in IT in both the infant and adult control monkeys were invariably most robust and consistent at the fovea and trailed off toward the borders of the field.
All STP receptive fields plotted in the infant monkeys (n = 17) were bilateral. Although a few were confined to the central 30' or so, the majority extended beyond the edges of the tangent screen into the far periphery of both contralateral and ipsilateral half-fields, as in adult monkeys (Bruce et al. 198 1) . Unlike those of IT cells, the responses of infant STP neurons were as strong or stronger in the peripheral parts of the field, as is characteristic of the adult animal.
STIMULUS SELECTIVITY.
Cells in the anesthetized infant sample that did respond showed the same types and incidence of stimulus selectivity found in adult monkeys. Figure 7 illustrates responses and the pattern of stimulus selectivity shown by an IT neuron in an anesthetized 132-dayold monkey. This cell responded best to images of monkey faces, less to scrambled versions of the same faces, and marginally or not at all to nonface control stimuli such as images of FDs, lines, or food.
We did not extensively test the stimulus selectivity of neurons in STP, although, as in the adult, most appeared to respond better to moving stimuli than to stationary ones. Two STP neurons in the anesthetized to 4-to 7-mo-old group, including one whose data are illustrated in Fig. 8 , responded preferentially to the appearance of an object moving into the visual field in the far periphery. The appearance of the stimulus (in the case shown, the experimenter walking around the tangent screen) elicited a transient burst of spikes from the cell that was larger when the stimulus appeared in the contralateral periphery than the ipsilatera1 periphery. For neither cell did motion within the central 30° of the visual field elicit more than a weak response (data not shown). A similar preference for the appearance of moving stimuli in the periphery has been noted in some adult STP cells (unpublished observations).
MODALITY SPECIFICITY. A total of 110 neurons in infant temporal cortex were tested with auditory and/ or somatosensory stimuli in addition to visual stimuli. No IT neurons in infants either below (n = 26) or above (n = 43) 4 mo of age gave responses to auditory or somatosensory stimuli, even if a visual response was present. In contrast, multimodal cells were often found in infant STP. Of 28 appropriately tested STP cells studied in the 4-to 7-mo-old infants, 9 S. P. 6 SCALAIDHE, AND C. Face stimuli consisted of images of different facial expressions from 2 stimulus monkeys, a profile view of a 3rd, and scrambles of the faces. The stimuli were presented at the fovea and were 3-6" diam. of 15 visually responsive units responded in at least one we were usually able to hold cells for an extended period of additional modality. Thirteen STP cells in infants ~4 mo of time, often > 1 h. Notwithstanding these improvements of age were tested with auditory and/or somatosensory stimrecording quality with the alert paradigm, mean rates of uli as well as visual stimuli; of these, 2 of 4 visually respon-spontaneous activity for both infant and adult IT samples sive cells responded in at least one other modality. Of a total were very similar to those obtained in the anesthetized aniof 39 infant STP cells tested with both auditory and visual mals [mean rates of 3.21 (n = 77), 2.46 (n = 12), and 8.50 stimuli, one neuron in a 4-mo-old infant responded only to spikes/s (~2 = 42) in the <4-mo-old sample, 4-to 7-mo-old auditory stimuli.
sample, and adult sample, respectively]. As for the anesthetized paradigm, these values represent a highly significant Results of alert recording experiments difference between infant and adult (F = 11.4, df = 130, When we began the alert studies, we were uncertain P < 0.000 1). Spontaneous activity rates for the alert samwhether infant monkeys could be taught to perform the ple were not significantly correlated with days of age, possifixation task reliably enough to permit data collection and whether stable recordings could be obtained. Accordingly, < 4 months we piloted the alert techniques in an infant 6 mo old when we started and then moved quickly to younger animals.
4-7 months
Thus, as detailed below, most of our data on alert infants were actually obtained in animals ~4 mo of age. Recording quality in alert infant monkeys was clearly superior to that obtained in anesthetized ones, and seemed slightly better for alert adult subjects as well; units appeared larger and were easier to isolate from background. It was subsequently much easier to hold units in even the youngest alert monkeys than in the anesthetized infants. Despite our initial concern that the relatively soft skull of the infant monkeys and small movements in the primate chair would result in minor displacements of the electrode, The value for each cell was calculated as the mean of the absolute value of spike rate minus baseline across all the stimuli that elicited statistically significant responses from that cell.
bly because of the much narrower window (36-93 days) over which the majority of the data were obtained.
VISUAL RESPONSIVENESS.
Incidence of visual responses. Figure 9 compares the incidence of visually responsive neurons in IT cortex in the alert infant monkeys with that for our control recordings in an alert adult monkey using the same stimuli and task conditions as well as with that reported in several previous studies of adult IT. Unlike in the anesthetized paradigm, the percentages of IT neurons that could be visually driven in alert animals were not significantly different (x 2 test) in infants of different ages and in adults. Moreover, there was no trend toward finding greater numbers of responsive neurons at older ages. In the infant IT sample, 63% of the visually responsive neurons gave only excitatory responses, 13% gave only inhibitory responses, and 24% gave excitatory responses to some stimuli and inhibitory responses to others. These percentages were not significantly different (x2 test) from those obtained from alert adult IT (54%, 13%, and 33% excitatory, inhibitory, and both excitatory and inhibitory, respectively). "Habituation" to repeated stimulus presentation did not appear to be marked in either the alert infants or the alert adult animal with the recording and stimulus conditions used.
We did not systematically study a large sample of STP neurons in the awake infant monkeys. However, 11 of 12 cells (92%) isolated in STP of the infants were responsive to visual stimulation, either hand presentation of three-dimensional objects or stimuli automatically presented on the tangent screen or both. Nine of these 11 had purely excitatory responses, whereas the remaining 2 also had inhibitory responses to some stimuli. Four STP neurons studied in the alert adult control animal all gave excitatory visual responses.
Response magnitude. Although visually responsive neurons were encountered as frequently in alert infant IT cortex as in the adult, the strength of visual responses was considerably weaker in the young animals. Figure 10 baseline rate (positive or negative) for all the different stimuli that elicited statistically significant responses. A much higher proportion of IT cells in the infant monkeys gave relatively weak responses than in the adult sample. The overall mean response of the infant IT neurons was 5.2 spikes/s above (or below in the case of inhibitory responses) the spontaneous rate, compared with an overall mean of 12.6 in adults. The difference between the samples was highly significant (Mann-Whitney U test, U = 535.0, P < 0.0001). Mean response magnitude was not significantly correlated with age at recording within our alert infant sample. Because of this, and because of the similar incidence of visually driven neurons in IT at different ages, the five cells studied with automatic stimulus presentation in the one monkey >4 mo of age were included in the infant distributions shown in Fig. 10 and subsequent figures and statistics. Figure 11 illustrates average strength of response to each member of our set of standard projected stimuli. Mean response elicited by each stimulus was calculated as the average of the absolute value of the change from baseline rate (positive or negative) for all the cells that gave statistically significant responses to that stimulus. For most stimuli, the average response elicited in the adult IT cells was just about twice that for the infant IT cells, indicating that the weaker mean responses in the infant monkeys were not due to the ineffectiveness of a few particular stimuli (see also section On SELECTIVITY ) .
Responses as percent of baseline activity. Because both spontaneous and driven activity levels in IT were, on average, about half as great in the alert infant monkeys as in the alert adult animal, we expected that ratios of driven to spontaneous activity would be similar in the two samples. Indeed, distributions of mean evoked activity as percent of baseline activity for individual cells did not differ between the samples (Mann-Whitney U test). "Gap"control. It has been shown (Richmond et al. 1983) that the presence of a fixation point (or ensuing attentional processes) has a mild suppressive effect on the response of IT neurons, at least in adult monkeys. To test whether the fixation point had a general suppressive effect on infant IT neurons, we also tested a few IT cells in the infants (n = 8) both under normal conditions and in a "gap task" where a gap of 200 ms was interposed between fixation and stimulus onset so that the fixation point blinked off and remained off during the actual presentation of the stimulus. Thus, with this paradigm, the animal was required to maintain its eye position within the fixation window for a total of 800 ms to receive a reward: an initial 100 ms before the fixation point went off, the 200 ms gap, and the usual 500 ms of stimulus presentation. This manipulation, however, did not systematically alter the magnitude of response for any of the neurons tested. Accordingly, the lower response magnitudes of IT cells in alert infant monkeys do not seem to be due to an enhanced suppressive effect of the fixation point used in this paradigm.
LATENCY.
Latency to visual response was estimated from peristimulus time histograms for samples of IT neurons in both the alert infant monkeys and the alert adult control. Latencies were both longer and more variable in the infant monkeys. Individual latency values for the various projected stimuli ranged from 112 to 368 ms in the infant monkeys (mean = 196 ms) and from 80 to 3 12 ms in the adult (mean = 140 ms). The distributions of mean latencies for individual IT cells in the infant and adult are compared in Fig. 12 . There were significantly more low values of mean latency in the adult (Mann-Whitney U test, U = 243.0, P < 0.000 1 ), and the variance of the two distributions was also highly significantly different (F = 3.06, df = 70, P < 0.00 1). Latencies to individual stimuli varied widely across cells in both infants and adults and, although more data are needed, it did not appear that any particular stimulus within our standard sets had a tendency to elicit consistently long-or short-latency responses. Within the infant sample, moreover, there was no correlation of a cell's mean latency with age at time of recording.
STIMULUS
SELECTIVITY.
IT cells in the alert infant sample showed the same types and incidence of stimulus selectivity found in adult monkeys. Figure 13 illustrates responses and the pattern of stimulus selectivity shown by several IT neurons in our alert infant sample. Cells A-C show responses selective for face stimuli. The cell whose data are illustrated in A responded well only to the infant monkey face. Cell B gave a consistent, long-latency response to an adult monkey face, but not to a scrambled version of the same face, the face of an infant monkey, or other control stimuli. Cell C responded well only to profiles and in fact only to profiles showing the teeth. The response did not seem to be contingent on local features, because the response to the preferred profile was independent of profile orientation. Nor did the response appear to be triggered by the presence of teeth per se, because the teeth were clearly visible in the threat and yawn faces that were shown in orientations off profile, and these did not elicit responses. Other selective cells responded well only to the black and white stimuli in the set (e.g., cell D) or specifically to the Fourier Descriptors (cell E). Still other neurons responded selectively to a subset of the stimuli that did not have obvious unifying features (see also below).
In fact, as in adult monkeys (both alert and anesthe- 13. Examples of stimulus selectivity of 5 cells (A-E) in IT of awake infant monkeys. For each stimulus, the arrow under the PSTH indicates the time at which the monkey fixated the fixation point. The horizontal line under each PSTH indicates the 500-ms period during which the stimulus was presented, and the vertical line in the raster indicates the time of stimulus onset. Color and size of stimuli were as for Fig. 7. tized), many of the IT cells in the infants responded to the infant sample and in the adult control monkey are shown in so-called FD stimuli with responses that were not only se- Fig. 14 . Although the strength of responses is generally lective but also tuned for FD frequency, that is, their re-much lower in the infant sample, the shapes of the tuning sponses were systematically graded as a function of the numcurves obtained for infant and adult monkeys are similar. ber of lobes (cycles) around the FD's perimeter. Some ex-Within the infant sample, 17 of 29 cells studied (59%) amples of tuning curves for FDs for cells in both the alert showed unimodal tuning curves for FD frequency, such as cells a-c, and h. In comparison, Schwartz et al. ( 1983) found that 54% of visually responsive IT cells in adult macaques were tuned to FD frequency. In our own alert adult control monkey, we found that 5 8% ( 14 / 24) of responsive, tested neurons were tuned (e.g., cells i-k and n-p in Fig.  14) . In both infant and adult samples, some cells showed multimodal tuning (e.g., cell e) , and a smaller number did not respond selectively to the FDs of different frequency.
To obtain a measure of the overall selectivity of IT cells for different stimuli, we performed a repeated-measures analysis of variance on the response magnitude data for each neuron responsive to the automatically presented stimuli and viewed the resultant F ratios as an index of the cells' ability to signal the presence of dissimilar stimuli within the sets tested. Distributions of the resultant F ratios for the infant and adult samples are plotted in Fig. 15 . Most of the cells studied in both samples had highly significant F ratios. More importantly, the distributions of F ratios were not significantly different (Mann-Whitney U test) in infant and adult monkeys, reflecting similar overall levels of selectivity.
An alternative way of characterizing the form selectivity of IT cells is to assess the proportion of stimuli tested that elicit statistically significant responses (Fig. 16 ) . The distributions of the proportion of effective stimuli did not differ significantly between the two samples (Mann-Whitney U test), confirming that IT cells in infant monkeys are about as selective as IT cells in adults. For both infant and adult samples, few IT cells responded to only one or two stimuli, but rather to a larger subset of the total. Yet, on the other hand, very few responded indiscriminately to most of the stimuli tested.
Interestingly, the stimuli that elicited the largest mean responses in the adult sample as a whole also tended to elicit the best responses in the infant sample (Fig. 11) . The high correlation between mean response magnitude values in the infant and adult samples for the individual stimuli (r = 0.86, P < 0.00 1) indicates that the order of preference of the stimuli by the alert infant and adult samples as a whole was strikingly similar.
RECEPTIVE
FIELDS.
For 10 IT cells in the alert infant monkeys, we attempted to assess the presence of responses in other parts of the visual field by presenting the most effective stimulus at several extrafoveal locations during the fixation task, as shown in Fig. 17 . We did obtain responses in one cell (Fig. 17A ) as far extrafoveally as we tested ( 12' into the contralateral field and 6' in the ipsilateral field). The other neurons gave responses similar to those shown in Fig. 17 B, i.e., restricted to fovea1 or parafoveal stimulation. Two cells tested quantitatively in the alert adult likewise gave responses restricted to fovea1 and parafoveal locations. It was also our impression during testing of cells with threedimensional objects in IT in the alert infants that the responsive zone was rather sharply restricted in most cases to the central 15 O or so. This was in contrast to the extremely large responsive zone of cells in STP even in awake monkeys, which we encountered on the same penetrations in the bank of cortex immediately above IT. Cells here invariably gave responses at least as strong in the far periphery as in the center of the field in both alert infants and alert adults. Overall, we found markedly less visual responsiveness in temporal cortical areas IT and STP in infant monkeys than in adults. Under N,O anesthesia, visual responses could barely be detected in these areas in monkeys <4 mo old, and were significantly less common in older infants than in comparably anesthetized adult monkeys using identical stimuli. Using the alert paradigm, despite the similar incidence of visually driven neurons in infant and adult samples, the magnitude of evoked activity was found to be significantly less in the infant group.
To what extent might the reduced responsiveness seen in the anesthetized infant animals be due to the recording conditions? It has been previously pointed out (Movshon and Van Sluyters 198 1) that young animals may be more susceptible to physiological stress induced by recording conditions than are adult animals. Accordingly, we took special care to monitor the vital signs of the infant animals during recording, to keep recording sessions brief, and to allow sufficient time between successive sessions in individual animals for maintained normal development and weight gain. In addition, the presence of relatively normal activity in other cortical areas (see RESULTS and Fig. 4 ) during the same sessions in which IT and STP were silent argues that the paucity of activity in these latter regions was not a general result of physiological compromise. Thus the highly suppressive effect of anesthesia in infant animals appears to represent an interaction between age and cortical area; high-order visual areas may be more sensitive to anesthesia than are areas earlier in the cortical visual pathway.
It should also be pointed out, however, that although it has not been systematically studied, N,O anesthesia appears to also have some suppressive effect on these regions in adult animals. For example, despite similar incidence of visual responses in anesthetized and alert adult IT, habituation phenomena are more marked in the anesthetized case than in the alert paradigm (Miller et al. 199 la) , and responses to FD stimuli appear markedly reduced in magnitude (unpublished data). Finally, barbiturate anesthesia virtually eliminates visual responsiveness in IT cortex of adult monkeys, whereas cells in striate cortex remain responsive (Gross et al. 1967) . Given the suppressive effects of anesthesia on adult temporal cortex, the absence of activity in IT and STP in the smallest infant monkeys may represent something of a "floor effect" of anesthetics on high-order areas of the primate visual cortical pathway.
Despite occasional reports of auditory influences on neurons in adult IT (Iwai et al. 1987) , it is generally accepted that IT cells in adult animals are responsive only to visual stimuli, a finding consistent with the exclusively visual effects of lesions of this cortex in adults (Gross 1973 ) . Likewise, in infant monkeys, cells in IT responded only to visual stimuli. Infant STP, on the other hand, resembles its counterpart in the mature animal in having a significant proportion of neurons that respond in more than one modality (Bruce et al. 198 1) . Moreover, nearly all responsive infant STP neurons had responses in the visual modality, and about half were exclusively visual. Thus, for infant STP as for adult STP, vision is the dominant modality.
Under NzO anesthesia, receptive fields in infant temporal cortex were large, typically bilateral, and showed characteristics of receptive fields in the same areas of adult monkeys. Thus the responses of infant IT cells were strongest foveally and trailed off toward the borders of their receptive fields, whereas responses of cells in infant STP were as strong or stronger in the visual periphery. Interestingly, receptive field size in alert infant IT (but not STP) appeared considerably reduced relative to that found in the anesthetized paradigm. In comparisons of receptive field size in anesthetized and alert adult macaques, Richmond et al. ( 1983 ) reported that receptive fields were smaller when alert conditions were employed, and in our own alert adult, two cells tested with multiple stimulus positions revealed responses limited to fovea1 and near parafoveal locations. In modeling studies, Gochin ( 1993) has suggested that the much larger fields found in anesthetized IT reflect the disinhibition of a scale attention mechanism that is normally operative while the monkey is awake. To the extent such a mechanism may be present within IT, it appears to be functional quite early, i.e., by the age range studied here.
STIMULUS
In both anesthetized and alert infant macaques, a number of features of stimulus selectivity in IT cortex bore striking similarities to that seen in the same regions of adult cortex. First, two measures of the degree of form selectivity in IT cortex indicated that the tendency of individual cells to differentiate among different stimuli was similarly distributed in infant and adult monkeys. Second, these measures also indicated that the ability of individual IT neurons to differentiate among stimuli in both infant and adult samples was widely distributed. In other words, for both samples, whereas some cells responded only to one or two stimuli, many responded to several, and some neurons to nearly all the stimuli used (cf. Gross et al. 1993 ) . Third, all of the types of stimulus selectivity present in the adult sample-for faces, for color, for boundary curvature, for high-contrast stimuli-were present in the infant sample as well. Fourth, for the majority of both infant and adult IT cells, responses to FD stimuli were tuned for frequency. Finally, there was a high correlation (r = 0.86) between mean response magnitude values for the infant and adult samples across the different stimuli in the standard set of projected stimuli used in the alert animals. Thus the specific stimuli in our standard set that were preferred by the infant IT neurons were the same stimuli that evoked the greatest response from cells in the adult sample, despite the much higher spike rates achieved by the adult neurons.
Comparison with previous studies of physiological development of extrastriate cortex As mentioned in the INTRODUCTION, there is virtually no information available on the physiological development of extrastriate visual cortex in monkeys. Differences in early postnatal optical quality in cats and monkeys (Movshon and Van Sluyters 198 1) suggest caution in making comparisons of physiological development between these groups. Nonetheless, studies of developing cat cortex provide some pertinent information.
In particular, there have been several investigations of the development of response properties in visual cortical area PMLS, a region believed to be homologous or equivalent to visual area MT of primates ( Payne 199 3 ) . In anesthetized, immobilized kittens, Price et al. ( 1988 ) found almost no visual responsiveness and little spontaneous activity at 9 days followed by a rapid emergence of large numbers of visually responsive direction-selective neurons in the 2nd and 3rd wk of age. As in macaque IT, more PMLS cells in the youngest anesthetized kittens tended to "habituate" to repeated stimulation than did cells in adult PMLS. These results are consistent with our own findings of a narrow window of emergence of visual responsiveness in IT and STP and poor recording quality at earlier ages in the anesthetized, immobilized infant macaque monkey. McCall et al. ( 1988 ) , also using the anesthetized, immobilized paradigm, found that there were further increases in incidence, strength, and consistency of neuronal responses between 2 and 8 wk. Similarly, we found that cells in infant temporal cortex show an extended post-S. P. 6 SCALAIDHE, AND C. G. GROSS natal period of weaker responses and, under anesthesia, a lower incidence of responses as well.
Factors underlying development of response properties in temporal cortex METABOLIC FACTORS.
The low rates of spontaneous activity in infant temporal cortex in both the anesthetized and alert paradigms suggest that the low response magnitudes in the infant monkeys may reflect more general characteristics of cellular function in infant monkeys. For example, the process of integration of inputs, both stimulus-driven and spontaneously active, may be less efficient or faithful as compared with the adult. Such an immaturity of synaptic integration might be related to the continuing presence of "exuberant" synapses still present throughout cortex of macaque monkeys at these ages (Rakic et al. 1986) . Hagger et al. ( 1988) and Bachevalier et al. ( 199 1) have found, moreover, that the pattern of energy utilization of IT (but not more posterior areas) is immature until ~4-6 mo of age in rhesus monkeys, using a 2-deoxyglucose uptake technique. It is possible that IT cells in very young monkeys simply cannot use their energy stores efficiently enough to permit the rapid depolarization and repolarization of the cell membrane necessary for high rates of action potential generation under either baseline or stimulus-driven conditions.
RELATIONSHIP
TO MATURATION OF CONNECTIVITY.
The protracted period of development of adultlike response magnitudes and latencies in temporal cortex, along with the sparing of visual function after IT lesions in infancy, suggests that the input-output relations of IT and STP might also be immature well into the 1st yr of life. Consistent with this possibility are the extended time course of myelination of primate temporal cortex (Flechsig 1876; Yakovlev and Letours 1967) and the protracted period of pruning back of supernumerary synapses in various regions of monkey cortex after the 1 st yr of life (Rakic et al. 1986 ). Injections of retrograde tracers into inferior temporal cortex at 7-18 wk suggest that the pattern of inputs from visual cortical areas is adultlike by the age span we have investigated here with physiological techniques (Gross and Rodman 1992; Rodman and Consuelos 1993; Rodman et al. 1990 ). However, inputs from more anterior regions involved in visual memory and visual attention, such as frontal cortex and anterior cingulate cortex (Bachevalier and Mishkin 1986; Goldman-Rakic 1987; Posner and Petersen 1990) , appeared more widespread at 7 wk than in either older infant monkeys or adult monkeys (Gross and Rodman 1992; Rodman and Consuelos 1993; Rodman et al. 1993 ) . In addition, we found at 7 wk an immature laminar pattern of input to the rhinal sulcus from IT cortex that has previously been reported to be present in newborns but absent in adults (Webster et al. 199 1) . Because rhinal cortex makes a major contribution to visual recognition memory processes (Squire and Zola-Morgan 199 1 ), the maturation of connectivity patterns of IT cortex with rhinal tissue-as well as with frontal cortex-may be a precondition to the full participation of IT in visual memory. Finally, we have found preliminary evidence for exuberant commissural connectivity of IT cortex at 7 wk of age and possibly beyond (Gross and Rodman 1992; Rodman and Consuelos 1993; Rodman et al. 1993 ).
Relationship to development of visual behavior As described in the INTRODUCTION, development of visual abilities dependent on temporal cortex in the adult animal shows a protracted time course. Nonetheless, basic visual response properties of cells in anterior temporal cortex, most importantly the presence and degree of form selectivity in IT, were adultlike as early as we were able to study them. Within the 2nd mo of life, individual IT neurons are selectively responsive to particular shapes and patterns, including faces, just as in adult monkeys. So, although it is not clear what role such cells play in adult perception, they are evidently available to the visual recognition apparatus very early in life. As a whole, the results suggest that the delayed contribution of IT cortex to visual recognition, and the slow development of adult capacity, are not due to a nonspecificity of IT neuronal responses early in life. Rather, the limited role of IT early in life and the extended maturation of visual recognition learning may reflect the weakness of signals deriving from IT cells in at least the first half year as reflected in their low response magnitudes, long response latencies, and susceptibility to anesthesia.
Several other factors may also contribute both to the extended time course of the maturation of visual pattern recognition ability and specifically to the contribution of temporal cortex to these functions. First, although basic response properties and overall degree of form selectivity in these areas are adultlike early in life, other variables that we have not studied, such as temporal pattern of response of individual cells (Richmond et al. 1987) , may contribute information about visual objects and may be different in the infant. Second, it has been suggested that selectivity patterns of groups or ensembles of neurons may convey more information than those of individual cells (Gochin et al. 1992 ) and such ensemble activity may be different in the young animal. Third, attentional and task-related influences known to affect IT responses in adult monkeys (e.g., Moran and Desimone 1985; reviewed in Gross et al. 1993) may not be present or very marked in the infant monkey. There may be, for example, postnatal changes in the efficacy of inputs from chemically specific systems thought to play a role in arousal and attention in adult animals, such as basal forebrain and locus coeruleus, possibly due to refinement of input patterns or changes in receptor expression. Finally, the nature of stimulus selectivity in IT (and STP) may be fundamentally different from the nature of selectivity for stimulus parameters such as direction or orientation seen at earlier stages of the visual pathway. There is some evidence that an important property of adult IT may be the rapid reorganization of selectivity patterns and that such reorganization may itself be an important mechanism or component of the storage of visual memory traces (Miller et al. 199 lb; Miyashita 1988; Rolls et al. 1989) . One possibility is that selectivity patterns of neurons in high-order temporal cortex may actually be less (or less rapidly) modifiable by experience in the infant, and that efficient reorgani-zation of selectivity is itself the feature of IT that appears as pattern recognition develops. It will be of great future interest to obtain recordings in even younger monkeys to determine the characteristics of responses in IT and STP closer to birth as well as at developmental stages beyond those investigated here.
